The wave-particle duality of light is a controversial topic in modern physics. In this context, this work highlights the ability of the wave-nature of light on its own to account for the conservation of energy in light-matter interaction. Two simple fundamental properties of light as wave are involved: its period and its power P. The power P depends only on the amplitude of the wave's electric and magnetic fields (Poynting's vector), and can easily be measured with a power sensor for visible and infrared lasers. The advantage of such a wave-based approach is that it unveils unexpected effects of light's power P capable of explaining numerous results published in current scientific literature, of correlating phenomena otherwise considered as disjointed, and of making predictions on ways to employ the electromagnetic (EM) waves which so far are unexplored. In this framework, this work focuses on determining the magnitude of the time interval that, coupled with light's power P, establishes the energy conserved in the exchange of energy between light and matter. To reach this goal, capacitors were excited with visible and IR lasers at variable average power P. As the result of combining experimental measurements and simulations based on the law of conservation of energy, it was found that the product of the period of the light by its power P fixes the magnitude of the energy conserved in light's interaction with the capacitors. This finding highlights that the energy exchanged is defined in the time interval equal to the period of the light's wave. The validity of the finding is shown to hold in light's interaction with matter in general, e.g. in the photoelectric effect with x-rays, in the transfer of electrons between energy levels in semiconducting interfaces of field effect transistors, in the activation of photosynthetic reactions, and in the generation of action potentials in retinal ganglion cells to enable vision in vertebrates. Finally, the validity of the finding is investigated in the low frequency spectrum of the EM waves by exploring possible consequences in microwave technology, and in harvesting through capacitors the radio waves dispersed in the environment after being used in telecommunications as a source of usable electricity.
Introduction
In the current debate on wave-particle duality of light and its role in light-matter interaction, two questions rise: 1) are photons necessary and sufficient participants? and 2) what decides the magnitude of the phenomena arising from light-matter interaction? We address these questions in our study of conservation of energy in light-matter interaction.
Photons are particles of light, which provide a beautiful example of conservation of energy through the photoelectric effect. Ultraviolet (UV) and x-ray photons with frequency ph E E ϕ = + + , where b E is the binding energy of the electron in the atom, k E the kinetic energy of the electron after being ejected from the atom by the photon, and φ a work function. For example, an x-ray photon with energy E x = 1.2536 keV produced by a Mg Kα source can extract an electron with E k = 964.2 eV from a carbon atom to which the electron was bound with E b = 285.4 eV and 4 eV φ =
[1] [2] . Thus, in the photoelectric effect, the conserved energy is
Once the photon interacts with matter, this energy distributes itself into various components: one component of magnitude b E unbinds the electron from the atom, another one of magnitude φ unbinds the electron from the material, and the last component transfers into the kinetic energy k E of the free electron. This concept is successfully exploited in x-ray photoelectron spectroscopy (XPS) [3] [4] . However, as the photon's frequency ph ν decreases below that of the UV light, the energy of one single photon becomes small and less than the magnitude conserved in the interaction between light and matter. Such a mismatch is observed, for example, in electronic devices where photons are used to generate a photocurrent by providing energy to electrons to jump over an energy barrier. To overcome a 0.32 eV barrier, a photon with frequency 77. et al. [5] found that near IR light at 0.3 PHz ν = and average power can excite the electrons over the 0.32 eV gap at the MoSe 2 /2L-WSe 2 interface in heterostructure photocells between the conduction band (CB) of MoSe 2 ( CBMo E ) and the CB of WSe 2 ( CBW E ). Similarly, Adinolfi et al. [6] , report that near IR light at 0.23 PHz ν = with P in the nW range, or below, maximizes the photocurrent production in silicon-based photovoltage field effect transistors (FETs).
Sarker et al. [7] confirm the trend by showing that green light at 0.56 PHz ν = with 5 μW P = generates photoexcited carriers by triggering electrons to jump from in-gap impurity levels to the CB in 4H-SiC used as substrate in graphene FETs. These results suggest that the average power of the electromagnetic (EM) wave might play a role in photocurrent generation.
The energy needed in photosynthetic processes also challenges the amount of energy that single photons can provide. Photosynthetic reactions are triggered by solar light at an average power per unit area 2 mW 136 cm P ≈
[8] [9] . Typical activation energies per molecule are, e.g., 0.5 eV for the oxidation of cytochrome [10] , or 0.72 eV for the CO 2 exchange [11] , or 1.6 eV for the CO 2 oxidation [12] .
A careful analysis of the light's wavelengths in and out of a photosynthetic organism shows that, e.g., in the carotenoid S 2 stimulated emission [13] ). We estimate that ~4, 6, and 14 couples of photons are required to provide the 0.5 eV, 0.72 eV, and 1.6 eV activation energies per molecule to initiate the photosynthetic reactions mentioned above. Here we raise the question whether the average power per unit area Another process that challenges the amount of energy that single photons can provide is the energy conversion in retinal ganglion cells (RGCs) to enable vision in vertebrates. The RGCs act as capacitors with baseline capacitance of the order of few pF [14] . 
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In this work, we exploit the wave nature of light to address the mismatch between the low frequency photon's energy and the energy conserved in the exchange of energy between light and devices or natural light harvesting (LH) systems. We start off by recalling that light is an EM wave whose power P per unit area is the modulus of Poynting's vector, P A = × = S E H , where A is area, E the electric field, and H the magnetic field [15] . Experimentally, the average power P of visible and IR lasers is easily measured with power sensors. We then hypothesize that the energy conserved in the interaction between light and matter is c E P t = ∆ , where t ∆ is a time interval. The magnitude of t ∆ is unknown, however we know that a suitable t ∆ should enable c E to account for the energy conserved in the photoelectric effect, in photocurrent production in semiconducting interfaces in FETs, in the activation of photosynthetic reactions, and in enabling vision in vertebrates through RGCs.
Experimental Methods
Capacitors. To test the interaction between visible and IR light and matter we Infrared sources. The characteristics of the visible and IR continuous wave (c.w.) and pulsed (PL) lasers used in our experiments are summarized in Table 1 and we developed a model, based on the law of conservation of energy (derived in Appendix 2), to link the magnitude of V ∆ and the evolution in time of 
where 0 ssli P P ≈ , and ssli P is the average power in the ssli.
The typical trends of ( ) Figure 1 (a) and Figure 1 (b). Similar trends with current appear in Ref. [7] . We fit the experimental data in Figure 1 show additional data in Appendix 3 confirming these trends with C. The small uncertainties on the responsivities signify negligible defects in our devices [7] .
There are no noticeable differences between the trends of the
responsivities obtained with c.w. and PL lasers. This result aligns with the findings of Geiregat et al. [17] inferred from the study of amplified spontaneous emission spectra from thin films.
In Figure The experimental data indicate that V ∆ increases when the EM wave's average power P increases. Moreover, the trends of V π ∆ versus C and τ suggest that the increase in V ∆ with P is enhanced when C decreases and τ increases. To model these trends we derive Equation (2a) and Equation (2b), which stem from the law of conservation of energy applied to the interaction between visible or IR light and a capacitor. We present the derivation of Equation (2a) and Equation (2b) in Appendix 2. A similar approach is adopted in Ref. [18] .
According to our model, in each instant of time t in the EPR the energy ( ) ( ) E t P t t = ∆ , conserved in the interaction between visible or IR light and a capacitor, is:
where 0 Σ is the entropy in a closed system, as discussed in Appendix 2. In each instant of time t, the variables 
where ssli q is the surface charge in the ssli.
From Equation (2a) we then derive the voltage difference
as follows:
The voltage in the EPR is ( )
φ is an offset with magnitude of ~mV labelled in Figure 1 (a). The offset V φ is due to contributions from the environment and from the capacitor. Likewise, from Equation (2b) we obtain V ∆ in the ssli as:
The We now combine Equation (2) and Equation (3) to (i) determine the magnitude of t ∆ , (ii) unveil the value of c E when the experimental value of the average power P is known, and (iii) clarify the dependence of ( )
To illustrate the general method enabling us to determine the magnitude of t ∆ we exploit the data in Figure 1 (a) and Figure 1(b) . The same method is equally effective when applied to all the 116 sets of data we measured and analyzed, whether collected with c.w. or PL lasers, in the whole average power and wavelength ranges explored, and for all capacitances considered. The method requires three steps:
Step 1: rough estimate of c E and t ∆ . The data in Figure 1 Step 2: modeling of ( ) Figure 3 (a). The agreement is very good, despite the slight mismatch at the inflection point, which we attribute to the uncertainties in P τ and T τ ∆ .
Step 3: refined expression for c E and value for t ∆ . By plugging into Equation (2b) for c E the experimental parameters and the estimated parameters found through Step 2, we extract a refined value for 2.4 fJ 
Equation (4a) We note that the photon was originally defined in the conservation of energy scenario for the photoelectric effect described by c Similarly, Sarker et al. [7] shone green light at 1.77 fs τ = We explore now other consequences of c E Pτ = being the energy conserved in the interaction between matter and light in the low frequency range of the EM spectrum:
Microwave technology. Electromagnetic waves can generate, or be generated by, mechanical motion [25] This effort requires a systematic exploration of the behavior of temperature, entropy and time constants in the process of energy transfer, an effort that soon we plan on undertaking.
Summary and Conclusions
By revisiting the wave nature of light, we investigate the magnitude of the energy In addition, as a consequence of the law of conservation, we notice that the energy c E constraints the magnitude of the variables involved in the energy exchange between light and a specific photo-detecting device, and imposes a reciprocal self-limitation among those variables. In our experiment, for example, Finally, the finding that the voltage responsivity of capacitors increases with τ and is about six orders of magnitude larger with radio waves than with visible and infrared light has strong implications in the search for alternative sources of renewable and sustainable energy: it suggests that it would be very efficient to harvest the radio waves dispersed in the environment after being used in telecommunications. This effort requires a systematic exploration of the behavior of temperature, entropy and time constants in the process of energy transfer, an effort that soon we plan on undertaking.
In conclusion, our results suggest that the wave-nature of light is necessary and sufficient to describe the energy conserved in light-matter interaction. The number of photons involved can be determined as a simple consequence, and the magnitude of the phenomena arising from light-matter interaction and their connection can be established once the wave properties of light are known.
Appendix1. Schematics of the Capacitors and Summary Their Characteristics
In this section we illustrate the structure of the Custom Thermoelectric 07111-9L31-04B devices used in our experiments. Figure A1 shows Tables A1 and Table A2 Figure A2 . Schematics of (a) the two capacitors, and (b) two capacitors with additional insulating tape (IT). The other symbols are defined as in Figure A1 . Table A1 . Layer structure, diameter D of the illuminated area, capacitance C, and dielectric constant ε of the single capacitors used for the data presented in the main text. We modify the C values using insulating tape (IT), a pressure-sensitive tape made of heavy cotton cloth with strong adhesive and tensile properties. Table A2 . Layer structure, diameter D of the illuminated area, capacitance C, and dielectric constant ε of the two capacitors used to produce the results presented in the Figure  A7 . Also for two capacitors, we modify the C values using insulating tape (IT), a pressure-sensitive tape made of heavy cotton cloth with strong adhesive and tensile properties. 
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where
is surface charge density, and Σ is entropy.
The thermal component of Equation (A1) is preceeded by a negative sign to signify that part of the energy transferred to the capacitor as electrical energy is thermally dissipated. Initially we hypothesize that capacitance C is such that
we will refine this assumption in Sub-section A2-D. Hypothesizing
enables us to separate the terms containing q and V ∆ , thus reducing Equation (A1) to:
where we assume dΣ to be negligible. In a generalized grand-canonical ensemble 
Assuming B k q V β ∆ to give just a slight correction to 0 Σ , dE is further reduced to:
In the exponential perturbation regime (EPR), at the start of the illumination of the capacitor with visible or IR light, the energy conserved in each instant of time t is ( ) ( ) E t P t t = ∆ . Here ( ) P t is the exponential function that describes the rise in time of the laser's power with a time constant P τ such that:
where 0 ssli P P P ≈ ≈ and P is the average power in the steady state laser illumination (ssli) regime [32] . In the ssli the energy conserved is c E P t = ∆ . To obtain 
We redefine the variables such that their minima are set at zero in their respective units and their maxima correspond to the values of the variables at an arbitrary instant of time t such that
, and
In the EPR the integration leds to:
In the ssli the integration gives:
where ssli q is the surface charge in the ssli on the area cs A .
To model in the EPR the measured voltage difference ( ) V t ∆ , we rearrange Equation (A7a) such that:
The voltage in the EPR is Of all the terms in Equation (A8a) 
All possible rotations of the reference system, phases, and positions in the 2D 
We evaluate the parameters σ τ , ϕ , and κ from the best fit of the model to the experimental data for the voltage difference ( )
V t ∆
. We found the magnitude of ( ) ( )* cs q t t A σ = in the pC range in agreement with Ref. [39] . 
where ζ is a correction factor related to
With these observations, the overall surface charge density and the correction factor ζ can be evaluated as:
The magnitude of ζ has units of 2 nC V and can be extracted from the experimental data. For each set of data obtained with the same type of laser, τ , and C, we display ζ versus average power P in Figure A5 and observe that ζ levels-off at a value which we call the equilibrium correction factor eq ζ . In Fig Table A1 and Table A2 . Table A1 and Table A2 . The PL lasers we used to obtain the results with τ = 6.67 fs are deascribed in Table A3 .
T ξ ∆ responsivities versus the capacitance C of devices consisting of two capacitors in series. These devices are described in Figure A2 and their characteristics are summarized in Table A2 . In Figure A7 18.51 pF and C = 245.7 pF. These capacitors are described in Figure A2 and their characteristics are summarized in Table A2 . beam diameter D of the IR pulsed laser (PL) sources used to collect the data with τ = 6.67 fs discussed in Figure A6 . We used continuum surelite optical parametric oscillator (OPO) lasers to tune the desired beams to specified wavelengths. These lasers were pumped with a frequency-tripled continuum surelite-II laser. *Continuum surelite OPO laser tuned to specified wavelengths and pumped with frequency-tripled continuum surelite-II laser.
Mode of operation

